Chemokines orchestrate cell migration for development, immune surveillance, and disease by binding to cell surface heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptors (GPCRs). The array of interactions between the nearly 50 chemokines and their 20 GPCR targets generates an extensive signaling network to which promiscuity and biased agonism add further complexity. The receptor CXCR4 recognizes both monomeric and dimeric forms of the chemokine CXCL12, which is a distinct example of ligand bias in the chemokine family. We demonstrated that a constitutively monomeric CXCL12 variant reproduced the G protein-dependent and b-arrestin-dependent responses that are associated with normal CXCR4 signaling and lead to cell migration. In addition, monomeric CXCL12 made specific contacts with CXCR4 that are not present in the structure of the receptor in complex with a dimeric form of CXCL12, a biased agonist that stimulates only G protein-dependent signaling. We produced an experimentally validated model of an agonist-bound chemokine receptor that merged a nuclear magnetic resonance-based structure of monomeric CXCL12 bound to the amino terminus of CXCR4 with a crystal structure of the transmembrane domains of CXCR4. The large CXCL12:CXCR4 protein-protein interface revealed by this structure identified previously uncharacterized functional interactions that fall outside of the classical "two-site model" for chemokine-receptor recognition. Our model suggests a mechanistic hypothesis for how interactions on the extracellular face of the receptor may stimulate the conformational changes required for chemokine receptor-mediated signal transduction.
INTRODUCTION
The past decade has witnessed major revisions to the classical model of G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptor (GPCR) signaling. Instead of there being a single type of agonist-driven intracellular response, it has been recognized that different ligands can stabilize distinct active states in a single receptor to shift the balance of functional outputs. The predominant modes of GPCR signaling originate with heterotrimeric G protein activation and b-arrestin recruitment. Agonists can selectively activate one ("biased agonists") or both ("balanced agonists") pathways (1) . Among the nearly 50 ligands and 20 receptors that constitute the chemokine family, promiscuity is common and biased agonism signaling by GPCRs may provide the regulatory discrimination that orchestrates in vivo cell migration.
The chemokine CXCL12 (also known as stromal cell-derived factor-1) and its receptor CXCR4 have been the focus of intense study for more than two decades. CXCL12 and CXCR4 are essential in developmental and housekeeping roles, but they also participate in numerous pathologies, including HIV infection and more than 23 different types of cancer (2) . Like most chemokines, CXCL12 forms dimers when present at increasing concentrations (3, 4) , when crystallized (5-7), or when bound to glycosaminoglycans in the extracellular matrix (8, 9) , but was nonetheless presumed to interact with CXCR4 exclusively as a monomer at chemotactic concentrations (~10 nM). We previously used a disulfide-locked, constitutively dimeric CXCL12 variant [locked dimer (LD); also known as CXCL12 2 ] to show that a dimeric ligand potently activates a subset of wild-type (WT) CXCL12-induced intracellular signals, a distinct example of biased agonism arising from a change in the oligomeric state of a ligand (10, 11) . We previously hypothesized that some of the contacts observed in the LD:CXCR4 N-terminal peptide (CXCR4 ) nuclear magnetic resonance (NMR) structure are absent in complexes formed with the monomeric chemokine. However, a soluble 1:1 complex representing the balanced agonist has been inaccessible to structural analysis because interactions with the CXCR4 N-terminal domain promote CXCL12 dimerization (12) .
Here, we used a constitutively monomeric CXCL12 variant [locked monomer (LM); also known as CXCL12 1 ] (13) to explore the molecular basis of balanced CXCR4 signaling. We first confirmed that the strictly monomeric LM was a faithful analog of balanced signaling by WT CXCL12, activating both G protein-dependent and b-arrestindependent pathways. We then determined the structure of the LM form of CXCL12 bound to CXCR4 . Apolar residues near the N terminus of CXCR4 docked into a cleft that is inaccessible in the dimeric chemokine, and this monomer-specific interaction was essential for full receptor activation. By merging our NMR structure of the CXCL12:CXCR4 complex and the crystal structure of CXCR4 bound to an inhibitor, we modeled an intact 1:1 complex. Our hybrid model broadens the conceptually useful "two-site" representation (14) and suggests that receptor activation involves the formation of an extensive protein-protein interface encompassing nearly half of the surface of CXCL12. We postulate that multiple, spatially distinct chemokine:receptor contacts work in tandem to drive conformational changes in CXCR4 that initiate signal transduction.
RESULTS
The LM form of CXCL12 is a balanced CXCR4 agonist with enhanced G protein-dependent and b-arrestin-dependent signaling At low concentrations, CXCL12 is hypothesized to interact with CXCR4 as a monomer to promote cellular migration. As local chemokine concentrations increase, the dimeric form predominates and stimulates nonmigratory signaling that we previously termed "cellular idling" (10) . Similarly, a peptide corresponding to the CXCR4 N terminus can bind to CXCL12 in a 1:1 stoichiometry but also promotes the formation of a 2:2 complex at higher concentrations (10, 15) . The binding of short CXCR4 peptides that have specific tyrosine sulfation patterns to chemokines can even allosterically modulate chemokine dimerization (13) . To simplify this complex equilibrium, we engineered a disulfide-constrained CXCL12 variant (LM) that remains monomeric at millimolar concentrations (13) .
To test whether the LM form of CXCL12 was functionally equivalent to the monomeric form of WT CXCL12, we compared their relative abilities to recognize and activate CXCR4. Radioligand displacement on CXCR4-expressing cell membrane preparations demonstrated similar affinities for WT and LM CXCL12, with dissociation constant (K d ) values of 1.4 ± 1.5 nM and 0.97 ± 1.5 nM, respectively (Fig. 1A) . We next established the activity of LM as a CXCR4 agonist by measuring its ability to mobilize intracellular Ca 2+ , a sensitive indicator of G protein activation. LM produced a robust Ca 2+ flux response with a sigmoidal dose dependence and a potency indistinguishable from that of WT CXCL12 (Fig. 1B) . Chemokines typically induce cellular migration over a narrow concentration range when measured with a Boyden chamber or a similar apparatus. Whereas LD CXCL12 does not promote chemotaxis at any concentration, a preferentially monomeric CXCL12 variant stimulates chemotaxis across a larger range of concentrations relative to that of the WT chemokine, producing a wider bell-shaped profile (12) . We next tested the chemotaxis of NALM6 pre-B cells and MiaPaCa2 pancreatic cancer cells with Boyden and Transwell migration chambers, respectively (Fig. 1, C and D) . In both cases, the LM chemokine retained chemotactic activity at higher concentrations relative to the WT chemokine, but cell migration returned to baseline levels at the highest concentrations. To assess how CXCR4 activation was interpreted in the presence of other migratory signals, we incubated U-937 leukemia cells confined to an agarose droplet in serum-containing medium with increasing CXCL12 concentrations. Whereas the WT CXCL12 reduced the extent of U-937 cell migration at nearly all concentrations, with a maximal reduction of 40 ± 18%, the LM CXCL12 substantially enhanced migration at all tested concentrations and generated a bellshaped profile (Fig. 1E) .
Chemotaxis is dependent on the recruitment of b-arrestin to CXCR4, which then stimulates lamellipodia formation and filamentous actin polymerization (10) . We previously demonstrated that monomeric CXCL12 is primarily responsible for the recruitment of b-arrestin-2 to CXCR4 and the subsequent internalization of the receptor (10) . Here, we performed dose-dependent bioluminescence resonance energy transfer (BRET) analysis to test whether the enhanced chemotactic profile of LM CXCL12 was reflected in increased b-arrestin signaling. At low concentrations, WT and LM CXCL12 both recruited b-arrestin-2 to CXCR4 with similar potencies and efficacies (Fig. 1F) . However, at concentrations of 10 and 100 mM, WT CXCL12-induced b-arrestin-2 recruitment was attenuated, reminiscent of the biphasic chemotaxis profile. In contrast, LM CXCL12 exhibited a sigmoidal dose-response profile, with a maximal BRET response maintained at the highest concentrations tested. However, the functional relevance of this divergent b-arrestin-2 response at concentrations of chemokine that are likely not physiologically relevant remains to be determined.
The N terminus of CXCR4 interacts differently with the LM and LD forms of CXCL12 We next used NMR spectroscopy to explore the structural mechanisms of receptor activation. Chemokine signaling is initiated by the formation of an extensive protein-protein interface, which is segregated into two distinct regions (14) . First, the N terminus of the receptor engages the folded chemokine domain and contributes most of the binding energy (site 1). Subsequent docking of the flexible N terminus of the chemokine into a pocket within the transmembrane (TM) domain of the receptor activates receptor signaling (site 2). To assess the alteration in site 1 dynamics of CXCR4 upon chemokine binding, we measured { 1 H}-15 N heteronuclear nuclear Overhauser effect (NOE) values, which reflect the backbone flexibility for each residue on picosecond to nanosecond time scales ( Fig. 2A) . In our previous study of the binding of CXCR4 to LD CXCL12 (10), we found that a substantial increase in { 1 H}- 15 N NOE values for residues 11 to 25 accompanied the transition from the highly flexible free peptide to a more ordered conformation observed for those residues in the complex with LD CXCL12, whereas negative or nearzero NOE values indicated that the first 10 amino acid residues of CXCR4 1-38 remain highly dynamic, consistent with an absence of stable intermolecular contacts. In contrast, we found that the binding of LM CXCL12 increased the NOE magnitude for residues 5 to 10 of CXCR4 , in addition to that for residues 11 to 25 ( Fig. 2A) , suggesting that residues near the CXCR4 N terminus interacted to a greater extent with the LM form than with the LD form of CXCL12.
We previously showed that titrating [U-
15
N]-CXCR4 with WT CXCL12 caused a subset of heteronuclear single-quantum coherence (HSQC) resonances to shift in nonlinear trajectories. This suggests that complexes of different stoichiometries were present in a multistate equilibrium (10) , which is consistent with our earlier observation that CXCR4 1-38 promotes CXCL12 dimerization (13, 15) . Here, we used HSQC titrations with the LM and LD chemokines to probe the 1:1 and 2:2 interfaces in isolation. Titrating LM or LD CXCL12 into [U- 15 N]-CXCR4 1-38 produced chemical shift perturbations consistent with distinct chemical environments for CXCR4 residues 1 to 13 (Fig. 2B) . In contrast to previously published spectra of the binding of [U-15 N]-CXCR4 to WT CXCL12 (10, 15) , all peaks in the receptor N terminus were visible throughout the titrations and traversed (table S1) . Concatenation of the linear trajectories regenerated the complicated chemical shift perturbations caused by WT CXCL12, indicating that the LM and LD variants each formed nonexchanging complexes of defined stoichiometry that were equivalent to those formed by the WT protein (Fig. 2C) . The LM variant also produced larger chemical shift perturbations in residues near the N terminus of the receptor, which together suggest that the LM CXCL12:receptor complex forms an interface that is somewhat distinct from that of the LD CXCL12:receptor complex.
The structure of CXCR4 bound to CXCL12 defines an extensive "site 1" interface To understand how the N terminus of CXCR4 recognizes a CXCL12 monomer, we solved the structure of the LM CXCL12:CXCR4 complex by NMR ( fig. S1 and tables S2 and S3). As expected, LM CXCL12 adopted the canonical chemokine fold, consisting of a flexible N terminus, followed by the N-loop, a three-stranded antiparallel b sheet, and a C-terminal helix (Fig. 3A and fig. S2 ). Determination of the CXCR4 1-38 contact surface required unambiguous identification of intermolecular NOEs, indicative of a stable interaction on the millisecond (or longer) time scale, which were observed from residues 4 to 27 along the peptide ( fig. S3 and , which agrees well with previously published chemical shift perturbations (13) .
The three CXCR4 tyrosine residues (at positions 21, 12, and 7) were previously identified as "hot spots" that make substantial contributions to the binding energy of site 1 (13 in LM CXCL12, adding a previously uncharacterized parallel strand to the three-stranded antiparallel b sheet of CXCL12 ( Fig. 3B and fig.  S4 ). The intermolecular b sheet is adjacent to a hydrophobic cleft between the b1 strand and C-terminal helix of CXCL12. Comparison of the 1:1 and 2:2 stoichiometry NMR structures defines the basis for differential receptor recognition of monomeric and dimeric CXCL12
The interaction between hydrophobic CXCR4 residues and the LM helix ( Fig. 3A) is consistent with previous NMR titration studies of CXCR4 , as well as cross-saturation NMR experiments performed with full-length CXCR4 (10, 13, 15, 16) . When monomeric CXCL12 binds to CXCR4, the newly formed intermolecular b strand (Tyr 7 to Ser 9 ; Fig. 3B ) occupies space that would be filled by the b1 strand of an opposing CXCL12 monomer. Because CXCL12 self-association buries the cleft formed by the b1 strand and C-terminal a helix within the dimer interface, residues in the CXCR4 N terminus show the most pronounced differences between the 2:2 dimeric complex [Protein Data Bank (PDB) 2K04] and the 1:1 complex presented here (Fig. 3 , D and E). In the 2:2 complex, CXCR4 is excluded from the same cleft and crosses the CXCL12 dimer interface at Tyr 12 to make electrostatic contacts with Lys 27 of one LD protomer and His 25 of the other (12) . Tyr 7 also engages the opposing LD subunit in a pocket formed by Val 23 and Arg 20 (12) . These comparisons demonstrate that the LM CXCL12:CXCR4 1-38 complex contains a distinct interface for residues 1 to 12 that is incompatible with the dimerization of CXC-type chemokines (Fig. 3, D 
and E).
N-terminal CXCR4 residues participate in chemokine recognition and receptor activation To assess the functional contributions of Ile 4 and Ile 6 in CXCR4, we measured CXCL12 binding affinity and Ca 2+ flux dose responses for a series of CXCR4 mutants. Ile 4 and Ile 6 were simultaneously mutated to either alanine or glutamic acid residues in FLAG-tagged CXCR4 ( fig.  S5A ). Whereas substitution with alanines had no effect on binding, the affinity of WT and LM CXCL12 for the isoleucine-to-glutamate mutants was reduced 30-and 90-fold, respectively ( Fig. 3F and fig. S5B ). Similarly, receptor activation, as monitored by measurement of the dose-dependent Ca 2+ response, was reduced upon mutagenesis to glutamic acid (fig. S5, C and D). Specifically, whereas the reduction in maximum Ca 2+ flux likely reflects the decreased amounts of the isoleucine mutants, the increase in the EC 50 values of the glutamic acid mutants is likely due to the substitution itself. Together, these data suggest that specific apolar contacts at the CXCR4 N terminus observed in the NMR structure of LM:CXCR4 contribute to the binding of CXCL12 and receptor activation.
Structure-guided modeling of the full-length 1:1 receptor complex and mutagenesis studies support previously uncharacterized CXCL12:CXCR4 contacts To date, no structure of an intact CXCL12:CXCR4 complex exists. By combining our NMR structure of LM CXCL12:CXCR4 1-38 with the crystal structure of CXCR4 bound to the small-molecule inhibitor IT1t (17), we assembled a 1:1 model for the complete CXCL12:CXCR4 complex at atomic resolution (see data file S1 for the model coordinates). The docking of LM CXCL12 to CXCR4 proceeded in five steps, as elaborated in the Supplementary Materials. We first docked the LM Nterminal peptide (residues 1 to 8; KPVSLSYR) into the orthosteric site of CXCR4 (PDB 3ODU: chain A; residues 29 to 301) using the FlexPepDock ab initio protocol (18) . In the second step, the N-terminal peptide model from the first step and CXCR4 Pro 27 [which was anchored by the disulfide between Cys28 and Cys274 7.25 ; superscripts refer to Ballesteros-Weinstein numbering (19) ] were used to roughly guide the placement of the LM CXCL12:CXCR4 1-38 NMR structure. In the third and fourth steps, we optimized the model using the RosettaRelax protocol (20) and connected the structured domain of CXCR4 to the CXCR4 1-38 fragment using the Rosetta loop modeling protocol (21) . Last, LM residues 1 to 8 were redocked to adjust to the relaxed complex using FlexPepDock ab initio.
Because the initial docking pose of the eight N-terminal residues of CXCL12 affected all subsequent modeling steps, we verified the stability of the N terminus in the final model by energy funnel analysis ( fig.  S6 ). To this end, we used FlexPepDock ab initio to redock residues 1 to 8 of CXCL12 to residues 25 to 298 of CXCR4 (as in step 1 of the Supplementary Materials), but this time, we initiated the docking runs using the coordinates of these residues from the final model. We generated 250,000 new models from this starting conformation, under the same binding site constraints used in step 5 of the Supplementary Materials, to force the known interactions with residues Asp 97 and Glu 288 of CXCR4 (22, 23) . We also generated 250,000 unconstrained models. The peptide pose was highly restricted regardless of the constraints to Asp 97 and Glu
288
. By plotting the sum of the Rosetta FlexPepDock reweighted score (18) and the binding site constraints (as described in step 5 of the Supplementary Materials), we observed that the N-terminal residues lie at the bottom of a deep energy funnel and D). We assume that this stability is due to the deep binding pocket in CXCR4, which restricts the conformational freedom of the peptide, as is characteristic of particularly stable peptide-protein complexes (24) . Similarly, to assess the stability of the chemokine position, we redocked the LM domain wrapped with CXCR4 to the rest of CXCR4, using as a starting pose the best model resulting from the RosettaRelax described in step 3 of the Supplementary Materials. No additional constraints were used in this docking process. Here, a pronounced energy funnel indicated that this docking pose is stable and is found at a local energy minimum (fig. S6E) . As a control to determine the degree to which RosettaRelax influenced the TM architecture, 100 relaxation runs were performed with the IT1t-bound CXCR4 structure (PDB 3ODU:A). In comparison to the ensemble of IT1t control models, our model has distinct side-chain positions in the TM bundle of the receptor that likely result from the experimental origin of the site 1 interaction (fig. S7 ).
The resulting model defines a large, contiguous interface (~3300 Å 2 ) that buries nearly 40% of the CXCL12 surface (Fig. 4A) . The site 1 interface defined by the NMR structure of LM:CXCR4 1-38 and the site 2 contacts formed by insertion of the N terminus of CXCL12 into the orthosteric pocket of CXCR4 agree closely with previous NMR and cysteine cross-linking studies (16, 25) . CXCL12 methyl signals reduced by 10% or more as a result of transferred cross-saturation (TCS) from the detergent-solubilized receptor (16) trace the path of CXCR4 N-terminal residues as they wrap around the chemokine (Fig. 4B, green 
S C I E N C E S I G N A L I N G | R E S E A R C H A R T I C L E
and Ile 58 may be a result of their proximity to receptor residues Ile 6 and Ile 4 , respectively. Next, we inspected the model for known structure-activity relationships. The earliest CXCL12 structure-function analysis established a substantial role for Lys 1 and Pro 2 in receptor activation, with a complete loss of Ca 2+ flux agonist activity upon deletion or substitution of either residue (14) . Crump et al. (14) reported that these N-terminally modified CXCL12 proteins retained high affinity for the receptor and could function as potent CXCR4 antagonists, suggesting that site 2 contacts at the base of the orthosteric pocket participate in signal transduction but contribute little to the overall binding energy. In our model, Lys 1 interacts with CXCR4 Asp97 2.63 and Glu288 7.39 ( Fig. 4C) , which are essential for receptor activation (22, 23) . Because these favorable electrostatic contacts appeared to be important for the binding of CXCL12, we measured the affinity of a CXCL12 variant lacking the first two residues (CXCL12 ). In contrast to Crump et al., we found that CXCR4 binding to CXCL12 , which packs near to Val 3 of CXCL12 (26) . We scanned the model for contacts that fell outside the definitions of either site 1 or site 2 and identified three CXCL12 residues (Arg , which flank the CXC motif and are homologous to a similar interface between vMIP-II and CXCR4 that was termed site 1.5 by Qin et al. (27) , interact with CXCR4 residues Glu 32 and Asp181
ECL2
, respectively (Fig. 4D) . Alanine substitution of either residue substantially reduced agonist potency in the Ca 2+ flux assay (Fig. 4D) , which was similar to previous studies that showed a loss of potency in CXCR4-mediated chemotaxis when either Arg 8 or Arg 12 is mutated (5, 8) . Asn 33 , which is adjacent to Cys 34 in the CXCL12 b1-b2 loop, is positioned to form a hydrogen bond with CXCR4 Asn176 ECL2 , and its mutation to glutamic acid reduced dose-dependent Ca 2+ flux fourfold (Fig. 4E) . Together, these results support the hypothesis that the previously uncharacterized contacts revealed by our model contribute to the functional interface between CXCL12 and CXCR4.
DISCUSSION
The oligomeric state responsible for directing migration has been debated since the discovery of chemokine oligomerization; however, the "active" structure of a chemokine is not generalizable because monomeric, dimeric, and even polymeric chemokines promote signaling (28) . CXCL12 is the first example in an emerging group of CXC-type chemokines for which both the monomer and dimer potently activate the same receptor to produce disparate cellular responses (12, 29) . Our previous work established LD CXCL12 as a biased agonist that activates only the G protein-dependent subset of CXCR4-mediated signals (10) (11) (12) . Here, we demonstrate that monomeric CXCL12 elicits the broadest range of WT CXCL12-stimulated signals (Fig. 1) .
The functional equivalence of the LM form of CXCL12 to the WT form and the stoichiometric stability of the LM CXCL12:CXCR4 complex at concentrations required for NMR analysis enabled us to explore the structural mechanisms underlying the functional differences between the LM and LD forms of CXCL12. Our NMR structure attributes previously unclear chemical shift perturbations (10) , heteronuclear NOE (10), and TCS (16) data collected on WT CXCL12 to contacts formed by the distal portion of the N terminus of CXCR4 with a hydrophobic cleft and b strand that are exposed on the surface of the CXCL12 monomer but are buried within the dimer interface. The LM-containing complex illustrates a clear interface between the globular domain of the chemokine and nearly 20 residues of CXCR4. The structures of three other monomeric chemokine:receptor complexes containing variable portions of site 1 contacts (27, 30, 31) have been solved to date (Fig. 5) . A cysteine conserved in the N terminus of nearly all chemokine receptors (32) serves as a convenient landmark for comparison. The location of the cysteine, as well as the overall position of the receptor N terminus, varies widely among the four structures, which suggests that there is a distinct orientation for each chemokine globular domain on the full-length receptor (Fig. 5 ). , and a portion of the CX3CL1:US28 x-ray structure (PDB 4XT1; right) were aligned pairwise to the LM:CXCR4 NMR structure (PDB 2N55). The chemokines were aligned from the first cysteine to the last cysteine in each globular domain, yielding root mean square deviations (RMSDs) of 2.7 Å (CCL11), 2.2 Å (vMIP-II), and 1.9 Å (CX3CL1). For reference, the conserved cysteine in the receptor N terminus is at position 24 in CCR3, position 28 in CXCR4 (mutated to alanine in the CXCR4 1-38 peptide), and position 23 in US28.
Comparison of the CXCL12:CXCR4 model with the vMIP-II: CXCR4 crystal structure CXCR4 was previously crystallized in complex with vMIP-II (Fig. 6A) , an antagonistic, broad-spectrum viral chemokine, by introducing a disulfide cross-link between extracellular loop 2 (ECL2) of the receptor and the N terminus of vMIP-II (27) . The vMIP-II globular domain is positioned near TM helices TM1 and TM2 of the receptor and forms an intermolecular b sheet between the N-loop and CXCR4 Pro 27 -Lys 28 ( Fig. 6A) . In contrast, the bent CXC motif, which is typical of CXC chemokines (27) , prevents analogous contacts in CXCL12 (Fig. 6B) . This shifts the globular domain toward TM4, TM5, and TM6 and modifies the specific site 2 interactions in our model (Fig. 6B) . Despite the N terminus of CXCL12 having two residues less than that of vMIP-II, Lys 1 and the vMIP-II N terminus reach a similar depth in the CXCR4 orthosteric pocket, where they both make critical contacts with Asp97 2.63 and Glu288 7.39 . A CXCL12:CXCR4 model derived from the vMIP-II:CXCR4 crystal structure also has these electrostatic contacts with Lys 1 , although the specific electrostatic interactions are reversed (27) ; there is no evidence to support one arrangement over the other. These differences in the site 2 interactions orient the plane of the CXCL12 b sheet approximately parallel to the TM region with a~80°r otation relative to the position of vMIP-II (Fig. 6C) .
Because the electron density for CXCR4 residues 1 to 22 is absent from the crystal structure, presumably because of disorder, a detailed comparison of the vMIP-II:CXCR4 site 1 interaction with our CXCL12:CXCR4 model is not possible. Whereas the CXCL12:CXCR4 site 1 interaction contributes~66% of the total binding energy (13, 15) , the vMIP-II:CXCR4 complex is primarily driven by site 2 (27, 33) . The less extensive vMIP-II site 1 interface and the comparatively small total contact surface (~1330 Å 2 buried) are consistent with previous mutagenic studies and may reflect the capacity of vMIP-II to recognize seven different chemokine receptors (34) (35) (36) .
Model-based insight into CXCR4 activation Despite using an inactive CXCR4 conformation as a starting template, the site 1 contacts provided by our NMR structure appear to have stimulated the receptor to adopt a more active-like state during the model relaxation process (fig. S7) . Although caution should be taken to not overanalyze structural models, we speculate that the hybrid nature of our model may provide uncharacteristic insight into chemokine receptor activation by comparison to the growing number of chemokine receptor structures now available ( fig. S9 ). Chemokine recognition on the extracellular surface of our model induces conformational changes in the TM domain through three converging mechanisms: (i) ECL2 bringing TM2 and TM3 together, (ii) the inward deviation of the upper halves of TM6 and TM7, and (iii) the TM1 and TM7 movement toward the orthosteric pocket through the N-terminal loop of TM7 [also termed ECL4 (37)].
Structural studies of GPCRs have shown that agonist-induced changes at ECL2 can propagate conformational changes to the TM domain, thereby facilitating receptor activation (38, 39) . With respect to CXCR4, our model suggests that Arg 12 brings Asp181 ECL2 of the b hairpin toward the orthosteric pocket through an electrostatic interactioñ and that Asn 33 similarly attracts Asn176 ECL2 at the base of the b1 strand through a hydrogen bond (Fig. 7A) . The "pulling" motion is transmitted to TM3 through the disulfide bond between Cys109 2.25 and Cys186
ECL2
and to TM2 through an electrostatic network consisting of Arg183 ELC2 , Asp97 2.63 , Glu288 7.39 , and CXCL12 Lys 1 . An analogous 30s loop-ECL2 interface occurs in the active-state crystal structure of the CX3CL1:US28 complex (31), but not in the inactive-state structure of the vMIP-II: CXCR4 complex ( fig. S10A) (27) . Collectively, the 30s loop-ECL2 interaction causes TM2 and TM3 to shift~1 Å toward each other relative to the three inactive CXCR4 crystal structures, consistent with previous predictions of chemokine receptor activation (40) .
On the other side of the receptor, an extensive network of hydrogen bonds and salt bridges stabilizes the inward movement of the upper halves of TM6 and TM7 relative to CXCR4 crystal structures. The docking of CXCR4 Phe28 N-term into a pocket formed by CXCL12 Ser 6 , Phe 13 , and Phe 14 brings TM7 inward through the C28 N-term -C274 7.25 disulfide (Fig. 7B) , which is a previously described microswitch for CXCR4 activation (41) . The inwardly displaced helix is further anchored through a network of inter-and intramolecular hydrogen bonds including Ser6-Phe26 7B ). Only our model and the active-state CX3CL1:US28 complex share this inward position of TM7 relative to structures of chemokine receptors in their inactive state (Fig. 7B and fig. S10B ). Allosteric communication between the N terminus and TM7 on one side and ECL2 on the other side could "pinch" the chemokine receptor together to "seesaw" TM6 inward at the extracellular surface and outward at the intracellular surface (42, 43) . Consistent with this activation model, CXCL12 and CX3CL1 act as conduits by linking opposite sides of their receptors. Specifically, the chemokines simultaneously make contacts with TM3, TM6, and TM7 through extensive networks involving the two conserved receptor disulfides (TM3 to ECL2 and the N terminus to TM7) and the cysteine motif-30s loop disulfide that couples opposite sides of the chemokines (Fig. 7B and fig. S10A ).
We hypothesize that these relatively subtle movements of TM2, TM3, TM6, and TM7 underlie substantial changes in a hydrophobic cluster of CXCR4, encompassing residues that belong to two conserved molecular switch motifs (Fig. 7B) . Principally, Tyr116 3.32 goes from being oriented toward the TM bundle in all three inactive-state CXCR4 structures to being oriented toward TM2 in our model, where it is positioned to form a hydrogen bond with Thr90 2.56 and is aided by the displacement of TM3 in the same direction (Fig. 7, B to E, and fig. S11, A and B) . In contrast, a hydrogen bond orients Tyr116 3.32 toward the orthosteric pocket in two of the three antagonist-bound CXCR4 crystal structures, suggesting that CXCL12 destabilizes Tyr116 3.32 , granting it greater conformational freedom to form new active-state contacts (17, 27) 60 , perhaps explaining its~120°upward rotation in our model relative to its position in all other CXCR4 structures (Fig. 7, C to E). Similar steric effects may cause the rearrangement of Phe292 7.43 and Trp252 6.48 such that all four residues adopt previously uncharacterized, favorable hydrophobic interactions in our model (Fig. 7, C to E) . The downward movements of L120 3.36 and E288 7.39 may also stabilize new rotameric states of other core residues such as Trp252 6.48 , which belongs to the conserved CWxP 6.50 motif (44, 45) , and Trp94 2.60 of the less well-described TxP 2.58 xW motif (46) that is enriched among chemokine receptors (fig. S11C) . Furthermore, the conserved Trp94 2.60 contacts the ligands in four of five antagonist-bound crystallized chemokine receptors (excluding CVX15 bound to CXCR4) (17, 27, 31, 47) and is implicated in small-molecule antagonist recognition by other chemokine receptors (48) . Together, site 1 experimental restraints promote rearrangement in the hydrophobic core of our model, modifying the position of several residues that have been suggested to stabilize the inactive, antagonist-bound state.
Our model of CXCL12-mediated CXCR4 activation draws parallels to analogous models of b 2 -adrenergic receptor (b 2 AR) and m-opioid receptor (mOR) activation. In both instances, subtle TM movements at the orthosteric pocket trigger repacking of the hydrophobic "conserved core triad" (that is, Pro 5.50 , Ile 3.40 , and Phe 6.44 ), which facilitates a substantial (that is, 10 to 14 Å) outward deviation at the cytoplasmic domain of TM6, which is required for coupling to G proteins (49) (50) (51) . We predict that the analogous helix movement in our model would likely be facilitated by concerted rearrangement of Phe292 7.43 and Trp252 6.48 ( Fig. 7 , C to E, and fig. S11, D and E). The conformational changes in the extracellular and core regions of our model are not completely propagated to the intracellular surface as evidenced by characteristic inactive-state conformations of the DRY motif, the NPxxY motif, and the intracellular position of TM6 compared to those of the active-state structures of the b 2 AR, mOR, and US28. This is unsurprising, because efforts to simulate (or in this case, model) receptor activation with inactive-state starting structures are met with considerable challenges (52) . Although our model and the active-state CX3CL1:US28 complex show similarities at the extracellular surface and binding pocket, they become less similar in the TM region, which may reflect the orthosteric ligand pocket of constitutively active US28 being partially decoupled from intracellular G protein recognition and signaling (31) . Nevertheless, we suggest that our model supports a previously uncharacterized mechanism by which chemokine receptor activation may proceed. Encouragingly, during the preparation of this manuscript, many of the residues that participate in our mechanistic explanation of CXCR4 activation (that is, W94 , and F292 7.43 ) were identified as being critical for CXCR4 activation by comprehensive mutagenesis of CXCR4 in Ca 2+ flux studies (53) .
Conclusion
Chemokines and their receptors assemble an active complex through a process that has been defined by the most easily investigated elements, the receptor N-terminal domain and the chemokine N terminus, which define chemokine recognition sites 1 and 2 in the canonical "two-step, two-site" model. Here, we put forward a model that combines details from the NMR and crystal structures of CXCL12 and CXCR4 complexes to provide an illustration of how these distinct structural elements are joined together in an extensive protein-protein interface. Exploiting this abundance of structural data, our model provides structural hypotheses for the effects that result from posttranslational modifications, such as sulfation of receptor tyrosine or chemokine citrullination (54, 55) , and small-molecule or peptide-based inhibitors ( fig. S12) . Moreover, our model suggests a mechanism by which known and previously uncharacterized interactions between CXCL12 and CXCR4 may be translated into receptor activation. In light of emerging structural details, the two-site model, although useful, is likely an oversimplification of chemokine-receptor recognition. Knowledge of the entire chemokine:receptor interface could be exploited to develop inhibitors that disrupt contacts that are not apparent from either the site 1 NMR structures or site 2 crystal structures alone. Both the CXCR4 crystal structures and the LD CXCL12:CXCR4 1-38 NMR structure have yielded higher hit rates than homology model drug discovery campaigns (56, 57) , and as such, our hybrid model may serve as a useful structural template for homology-based drug discovery for the chemokine family.
MATERIALS AND METHODS

Protein expression and purification
The CXCR4 , WT CXCL12, LD CXCL12, and LM CXCL12 proteins were produced as previously described (15, 58) . Chemotaxis of NALM6 cells NALM6 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, penicillin-streptomycin (100 U/ml), 2 mM glutamine, 50 mM b-mercaptoethanol, nonessential amino acids, 1 mM sodium pyruvate, and 25 mM Hepes buffer (pH 7.3). Chemotaxis assays were performed in triplicate in 48-well Boyden chambers (Neuro Probe) with 5-mm pore-size polyvinylpyrrolidone-free polycarbonate membranes. Chemotaxis medium (RPMI 1640, 25 mM Hepes supplemented with 1% FBS) alone or chemotaxis medium containing increasing concentrations of CXCL12 variants was added to the lower wells. Cells (1 × 10 5 per well) resuspended in chemotaxis medium were added to the upper well and incubated for 90 min at 37°C in a 5% CO 2 atmosphere. Cells were removed from the upper part of the membrane with a rubber policeman. Cells attached to the lower side of the membrane were fixed and stained as described previously (59) . Migrated cells were counted in five randomly selected fields of 1000-fold magnification.
Radioligand binding competition assay
Chemotaxis of MiaPaCa2 cells
Analysis of the chemotactic migration of pancreatic cancer MiaPaCa2 cells was performed as previously described (60) with Transwell plates coated with collagen (15 mg/ml). Briefly, MiaPaCa2 cells were serumstarved for 2 hours, removed from culture flasks with enzyme-free dissociation buffer, washed, and then counted with a hemocytometer. Cells (100,000 cells in 10 ml of serum-free medium) were plated into the top chamber of each Transwell. The bottom chamber of each Transwell contained each stimulant in 500 ml of serum-free medium. MiaPaCa2 cells were allowed to migrate for 6 hours, after which the cells remaining on the top of the chamber were swabbed out. Plates were then fixed in 4% paraformaldehyde and stained with DAPI (4′,6-diamidino-2-phenylindole). Migrated cells were visualized and counted by fluorescence microscopy, with five representative high-powered fields analyzed per well.
Analysis of b-arrestin-2 recruitment b-Arrestin-2 recruitment was measured with an intermolecular BRET assay, which was performed as described previously (61, 62) . Briefly, HEK 293E cells were cotransfected with 1 mg of GFP 10 -b-arrestin-2 construct and 0.05 mg of CXCR4-RLuc3. All transfections were normalized to 2 mg of DNA per well with empty vector. After overnight culture, the transiently transfected cells were seeded in poly-D-lysine-coated 96-well white clear-bottom microplates (ViewPlate, PerkinElmer Life and Analytical Sciences) and cultured for 24 hours. The medium of the cells was then exchanged for BRET buffer [PBS, 0.5 mM MgCl 2 , and 0.1% (w/v) BSA]. b-Arrestin-2 recruitment was measured 15 min after ligand addition and 10 min after the addition of the RLuc3 substrate coelenterazine 400a (NanoLight Technology) at a final concentration of 5 mM. The values were corrected to BRETnet by subtracting the background BRET signal obtained from cells transfected with the luciferase construct alone.
Agarose microdroplet assay
The agarose microdroplet assay was performed to assess U-937 cellular migration, as previously described (63) . U-937 target cells (0.5 × 10 6 cells/ml) were harvested and washed in HBSS. The cells were centrifuged at 800g and were transferred to a graduated 15-ml glass conical tube. The cell concentration was adjusted in agarose medium, prepared from 2% (w/v) low-melting temperature SeaPlaque agarose, and medium containing 15% FBS (1:4, v/v). A single agarose droplet (1 ml, containing 1 × 10 5 target cells) was placed in the center of each well of a 96-well flat-bottom tissue culture plate, in triplicate, with a gastight 0.05-ml Hamilton syringe (Hamilton Company). Droplets were allowed to harden at 4°C for 20 min. Chilled test medium (200 ml) was applied to each well. Test medium consisted of serum-free medium, 25% FBS, and the CXCL12 concentrations indicated in the figure legends. The plate was incubated for 18 to 24 hours at 37°C and 5% CO 2 . After incubation, the radius of each droplet was determined, and target cell migration was measured at four directional points 90°f rom one another with an inverted light microscope equipped with a gridded eyepiece at ×40 total magnification. The percentage inhibition of each sample was quantified. The plate was incubated for an additional 24 hours to measure recovery, and cell viability was determined by trypan blue exclusion.
NMR structure determination
All NMR spectra were acquired on a Bruker DRX 600-MHz spectrometer equipped with a N chemical shift data with TALOS+ (64). Both distance and dihedral restraints were used to generate initial NOE assignments and preliminary structures with the NOEASSIGN module of CYANA (65) . Complete structure determination was undertaken as an iterative process of correcting and assigning NOEs and running structure calculations with CYANA (65) . The 20 CYANA conformers with the lowest target function were further refined by a molecular dynamics protocol in explicit solvent (66) with XPLOR-NIH (67).
2D NMR characterization
All NMR spectra were acquired on a Bruker DRX 600-MHz spectrometer equipped with a 
Ca
2+ response of CXCR4 mutants Cell culture, transfection, and Ca 2+ flux assays of Chinese hamster ovary K1 cells were performed as previously described (13) .
Statistical analysis
Data were analyzed by one-way analysis of variance (ANOVA) with GraphPad Prism 4.0 (GraphPad Software).
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